The encapsulation of essential and conditional amino acids (AAs), and their correct preservation prior being ingested, are challenging tasks. Non-polar (Ala and Phe), polar (Cys and Asn) and charged (Lys and Asp) AAs have been loaded into biodegradable and non-toxic poly(tetramethylene succinate) (PE44) nanofibers (NFs) using electrospinning. Loading of AAs affects considerably the morphology, topography, thermal properties and wettability of PE44 NFs. Furthermore, although AAs crystallize in a phase separated from the polymeric matrix, the distribution of such crystals changes into PE44 NFs and is depending on their chemical nature. Release assays in enzymefree solutions with different polarities evidence that very significant amounts of AAs are retained into the NFs after 7 days, whereas assays in a lipase-containing solution (i.e. lipase performs essential roles in the digestion) show an almost complete release after a few hours. The low weight loss detected through enzymatic degradation assays suggests that the lipase preferentially attacks the PE44 regions responsible for the retention of AAs into the biphasic system. Hence the higher accessibility of the enzyme to such domains favours the almost immediate release of the biomolecules. Results displayed in this work combined with the biocompatibility, biodegradability and potential use of PE44 NFs as edible non-nutritional elements, suggest that loaded PE44/AA NFs can be used to supply essential and conditional AAs. 
INTRODUCTION
Coded amino acids (AAs) are not only building blocks of proteins but also play a variety of functions. 1 Among the most relevant are their actions to support the metabolism (e.g. glutathione is synthesized from its constituent amino acids by the 4 ensures healthy animals and people. For example, microparticulate diets with crystalline
AAs have embedded into bio-organic matrices (e.g. alginate, carrageenan and zein microparticles) loose up to 80% of their AAs within the first minute after suspending the particles in water. 16, 17 Lipid-based systems (i.e. liposomes and lipid spray beads) are fragile, making difficult microparticles preparation. 18, 19 In a different approach, Mezzenga and co-workers 20 claimed that oleoylethanolamide-based lyotropic liquid crystals are promising vehicles for the controlled release of hydrophilic AAs. More recently, Wenke and co-workers loaded DAAs in polyurethane scaffolds (i.e. cylindrical foams of 3 mm diameter  6.5 mm height), for local delivery. 21 Loaded D-AAs protected the scaffold from contamination, preventing biofilm formation, which may represent a treatment strategy for infections caused by bacteria contamination. However, although numerous studies focus on the drug or peptide loading-release behaviour of nanofibrous scaffolds, [22] [23] [24] no attempt to load electrospun fibres with AAs has been made yet. It is worth noting that the nanofibers can be processed with cattle feed, enabling the delivery of the AAs upon ingestion.
The main aim of this work is to study the loading of AAs into biodegradable nontoxic poly(tetramethylene succinate) (PE44) nanofibers (NFs) using the electrospinning technique. Appropriated incorporation of fibre-based formulations to cattle feed may be an attractive way to supply AAs, thus improving their bioavailability through controlled delivery. More specifically, non-polar (Ala and Phe), polar (Cys and Asn) and charged (Lys and Asp) AAs have been loaded at concentrations of 1% and 10% w/w into PE44
NFs. After this, the effect of the AAs on the wettability and the morphological, topographical and thermal properties of PE44 fibres have been investigated, paying specific attention to the chemical nature of the AA in the variation of such properties.
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Finally, release and degradation assays in different environments have been performed to ascertain the advantages and limitations of this AA-loading technology.
METHODS
Materials. PE44 was prepared by bulk thermal polycondensation of 1,4-butanediol and succinic acid (diol/diacid molar ratio of 2.2/1). 25 The synthetic route is summarized in Scheme 1. Chemical characterization, viscosity and molecular masses were reported in our previous study. Electrospinning. This method provides a simple and versatile method for generating fibers from a rich variety of materials, including polymers, as has been extensively reported. [27] [28] [29] Mixtures of PE44 at concentration 8% w/w and AAs (Ala, Phe, Cys, Asn, Lys or Asp) at concentration 1% or 10% w/w were electrospun. Samples will be named indicating both the AA code and weight percentage (e.g. PE44/Ala-10 and PE44/Phe-1 6 corresponds to a mixture of PE44 with 10% Ala and 1% Phe, respectively). Mixtures were prepared as follows. PE44 was dissolved in a 7:3 dichloromethane : chloroethanol solution, while AAs were dissolved in 200 µL trifluoroacetic acid (TFA). Solutions were kept under stirring for 24 hours at 37 ºC and, finally, they were mixed and loaded in a 5 mL BD plastic syringe for delivery through an 18G  1.1/2'' needle at a massflow rate of 0.5 mL/h using an KDS100 infusion pump. The applied voltage was 20 kV in all cases with exception of Asn-containing mixtures, for which the applied voltage was 15 kV. Thus, for Asn-containing fibres the formation of droplets and electrospun beads was minimized at 15 kV rather than at 20 kV. All electrospun NFs were obtained using a needle tip-collector distance of 18 cm. Thermogravimetric analyses (TGA) for studying thermal degradation were performed at a heating rate of 20 ºC/min (sample weight ca. 5 mg) with a Q50 thermogravimetric analyser of TA Instruments and under a flow of dry nitrogen. Test temperatures ranged from 50 to 600 ºC.
X-Ray diffraction (XRD).
The crystallinity of loaded and unloaded NFs was analysed by Wide-Angle X-ray Diffraction (WAXD) using the X'Pert Pro System (PANalytical, Netherland). Diffraction patterns were obtained using Cu K (= 0.154 nm) X-ray source operating at 30 kV and 30 mA.
Wettability. Contact angle measurements were carried out using the water sessile drop method. Images of milliQ water drops (0.5 μL) were recorded after stabilization 8 with the equipment OCA 15EC (Data-Physics Instruments GmbH, Filderstadt). SCA20
software was used to analyse the images and determine the contact angle value, which was obtained as the average of at least six independent measures for each sample.
Release experiments. AA-loaded mats were cut into small square pieces (20200.1 mm 3 ) which were weighed (25 mg) and placed into polypropylene tubes. Phosphate buffered saline (PBS), pH 7.4, and PBS supplemented with 70 v/v-% of ethanol (PBSEtOH) were considered as release media. As PBS-EtOH is more hydrophobic than PBS, comparison of the results in such two environments will provide information about the influence of the hydrophilicity / hydrophobicity of the medium in the release process.
More specifically, the addition of ethanol to hydrophilic PBS is expected to cause some swelling effect in the electrospun mats favoring the release of hydrophobic AAs. h for the quantification of released AAs using the ninhydrin reaction, which is described below. After t= 168 h, the remaining medium was aspirated quantify the amount of AA remaining in the polymeric matrix. For this purpose, the PE44 matrix was dissolved by placing electrospun samples in eppendorfs with 250 µL of 7:3 dichloromethane : chloroethanol under stirring. Once PE44 was completely dissolved, 1 mL of PBS was added, and the solution was stirred again for 1 hour. Then, solutions were centrifuged and the supernatants (1 mL) were collected to quantify the amount of AA (see below)
that was not released from the electrospun NFs after 168 h. It should be remarked that, in all cases, the sum of AA released along 168 h and the AA remaining at the PE44 matrix corresponded to the amount of AA loaded during the electrospinning process.
Additional release assays were carried out using an enzymatic solution (lipase from For all release assays, quantification of AAs was carried out using the ninhydrin reaction, which is based on the fact that AAs with a free -amino group yield a purple All AA release tests were carried out using three replicates and the results were averaged.
Hydrolytic, enzymatic and accelerated degradation experiments. AA-loaded mats were cut into small square pieces (20200.1 mm 3 ) which were weighed (~25 mg) and placed into polypropylene tubes. The hydrolytic (PBS) and enzymatic (porcine lipase at 1 mg/mL PBS) degradation of AA-loaded mats were studied at 37 ºC. For this purpose, samples placed in a volume of 5 mL were incubated in an orbital shaker at 80 rpm in tubes of 15 mL during four weeks. To prevent microbial degradation, media were supplemented with 0.2 mg/mL sodium azide. In addition, the media were changed to refresh weekly. The accelerated degradation medium consisted of 5 mL of a 1 N NaOH solution and the samples were evaluated at t= 30, 60, 90, 120, 150 and 180 min. The weight loss was evaluated using the following expression:
where W 0 is the dry weight before degradation and W t is the dry weight at time t. All degradation assays were run in triplicate and the results were averaged. The morphology of the samples after degradation was examined by SEM.
RESULTS AND DISCUSSION
Preparation and characterization of loaded nanofibers Figures S2 and S3 display the diameter distributions of electrospun fibers containing 1% and 10% w/w AAs, respectively, while Table 1 Thermogravimetric analyses ( Figure 5 and Table 3 ) evidenced that all samples are stable up to a temperature 80 ºC higher than the melting point of the PE44 matrix (T m = 112.8 ºC). Incorporation of the AA led to a first degradation step that started at a temperature comprised between 184 ºC and 222 ºC, depending on the AA , which is clearly lower that the initial degradation temperature of PE44 (e.g 299 ºC for 1% weight loss). This first step involved a maximum weight loss of 10%, which is in full agreement with the amount of loaded AA. This step was also detected for the other amino acids although weight loss was lower (i.e. between 3 and 5%). Specifically the maximum temperatures of differential thermal gravimetric analysis (DTGA) curves were between 213-221 ºC range. It should be point out that a continuous degradation was subsequently observed until degradation of PE 44 was predominant.
The degradation behaviour of the PE44/AAs systems differ depending on the loaded AA, as it is deduced from the DTGA curves shown in the inset of Figure 5 . Thus, a pronounced degradation step was observed for Cys, Lys and Ala, the maximum temperature of DTGA curves increasing from Cys to Ala. A complex degradation occurs for Phe, whereas Asn and Asp exhibit a continuous weight loss after an initial process that involved a weight loss lower than 3%. No significant char (i.e. less than 0.3%) was observed at temperatures higher than 500 ºC, except for the sample loaded with Lys that rendered a char weight of 3% at 580 ºC. crystalline material is taken into account. 33 The DSC trace of the initial PE44 scaffold (Figure 6a ) shows a single peak at 111.9
ºC, which means that thinner crystals were not thermally stable and underwent the typical reorganization process. Therefore PE44 was able to crystallize during the electrospinning process but lamellae were less organized that those obtained by crystallization from the melt. In fact, the melting enthalpy sligthly decreases up to 70.8 J/g, which represents a crystallinity of 64%. In contrast, the DSC trace of electrospun samples loaded with AAs exhibit a complex melting peak with a shoulder being clearly identified at 109 ºC and a higher peak at 113-114 ºC that is again associated with reorganized crystals. For these systems, crystallinities are high and close to 65%, which demonstrate the positive effect of the electric field on the molecular orientation. Inset in Figure 6 show also small endothermic peaks at 213.6 and 231.3 ºC (PE44/Phe-10) and 218.6 ºC (PE44/Asn-10), which are related with the previous indicated degradation process of both AAs. In any case, crystals of AAs could not be deduced from DSC data.
Nevertheless it should be pointed that the crystallinity of PE44 could increase up to 72% if the AA content is taken into account in the estimation.
Cooling runs (Figure 6b ) reveal that AA-loaded samples crystallize with greater difficulty than pure PE44 since exothermic peaks are broader and appear at lower temperatures (i.e. 68 and 72.4 ºC with respect to 82 ºC). Crystallization is more difficult for the Phe-loaded sample than for that incorporating Asn, which is less voluminous and more polar. In addition, these DSC traces are highly complex and even show a hotcrystallization peak close to fusion, which shows the difficulty of samples to crystallize during the cooling run. Note also that PE44/Phe-10 presents different endothermic peaks that can be related to phases with different content and also to recrystallization processes. The DSC trace of the PE44/Asn-10 sample illustrates that, after reorganization, thicker crystals with a melting temperature of 113 ºC are formed.
The contact angle values () measured using water (Table S1 ) indicate that electrospun PE44 matrices are hydrophobic (= 129º ± 2º), which should be attributed to both the presence of aliphatic segments and their compact structure within the NFs. where A c and A a are the crystalline and amorphous diffraction areas, respectively, derived from the deconvoluted profiles.
The average crystallite size, L (hkl) , in the direction perpendicular to the representative (hkl) planes of loaded and unloaded samples was derived from the X-ray diffraction line broadening measurement using the Scherrer equation:
where  is the wavelength (CuK),  is the full width at half maximum height of the (211) line,  is the diffraction angle and 0.9 is a shape factor. The L (hkl) values for the crystallites perpendicular to the planes (020), (021) and (110) are listed in Table 5 .
The degree of crystallinity of unloaded PE44 is  c = 0.47 ( respectively. Therefore, fiber crystallinity decreases with increasing solvent volatility. 40 The  c values determined for PE44/AA-10 fibers (Table 5) -7g) . Thus, XRD profiles for loaded samples exhibit not only the peaks attributed to the polymeric matrix but also some of the peaks identified for the crystallized AAs (insets in Figures 7b-7g) . Overall, XRD and DSC results suggest that AA crystals form initially, subsequently affecting the crystallization and morphology of the polymeric matrix. This observation is supported by changes in the crystallite sizes of loaded samples with respect to the unloaded (Table 5) .
Amino acid release from PE44 fibres
Quantitative AA release assays were performed with PE44/AA-10 samples (i.e.
expected uncertainty was too high for assays with 1% w/w AA-loaded fibres) in PBS, PBS-EtOH and an enzymatic environment. Figure 8a compares the AA accumulated release behavior of all PE44/AA-10 samples when they were exposed to PBS. Release proceeds in a similar way for all samples. Thus, after 1 h an important amount of AA is released to the medium, even though such amount highly depends on the AA. For example, the highest and lowest release after 1 h corresponds to the two polar AAs (78% and 19% for Cys and Asn, respectively). A similar difference was detected for non-polar AAs (57% and 33% for Ala and Phe, respectively) as well as for charged AAs (52% and 33% for Lys and Asp, respectively). After this initial stage, the amount of released AA grows during a few hours for all the systems, even though the stabilization is rapidly reached. The amount of released AA after 168 h comprised between 35% (Phe) and 98% (Cys).
Release in PBS.
Accordingly, Figure 8b which represents the amount of AA retained into the PE44
fibres after 168 h in PBS at 37 ºC, reflecting that the release process cannot be simply related to the polarity of the loaded AA. Release in enzymatic medium. Profiles obtained using a lipase-containing medium evidences a very fast AA release (Figure 8d ). The amount of AA retained after only 1 h is lower than 30% in all cases with the exception of Phe and Asp, which display values not very far from that value (47% and 35%, respectively). This should be attributed to a burst effect that is probably more pronounced for PE44/AA systems with AA crystal near the surface. Thus, in such systems the specific surface that is contact with the enzymatic medium is high, favoring the instability of AA particles. All the AAs reach the maximum release is reached after only 6 h, and it remains stable for the following 18 h. Furthermore, it is worth noting that the amount of AA retained in the fibre mats after 24 h is very small (Figure 8b ), ranging from 5 % (Ala) to 27% (Phe). This represents a very remarkable difference with respect to the AA release in PBS and, especially, PBS-EtOH (Figure 8b ).
Release in PBS-
In summary, results from release experiments in PBS, PBS-EtOH and the enzymatic solution prove that PE44 fibers are a very promising vehicle to supply AAs. Thus, the AAs are retained at the polymeric matrix not only in PBS but also in PBS-EtOH, which is a powerful extraction medium. In contrast, lipase, which is a key enzyme in the digestion process, favors a fast release. Overall, these results are consistent with the use of electronspun fibers as carriers for the contribution of AAs to the feed.
Hydrolytic, enzymatic and accelerated degradation of loaded nanofibers
In order to prove that PE44/AA NFs resist hydrolysis, accelerated degradation assays were performed by incubating unloaded PE44 and PE44/AA-10 mats in an aggressive 1
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N NaOH solution for 30 min. It is worth noting that accelerated assays in acidic conditions are not required since the pH in the digestive system is < 7 and, therefore, preservation of the loading under such conditions is not required. In opposition, the delivery of loaded AAs should be prevented in basic conditions, which could be accidentally reached by food-containing PE44/AA fibers (e.g. during the storage).
Representative SEM micrographs of the NFs after such incubation time are displayed in Figure 9 . Unloaded PE44 NFs underwent a very fast hydrolytic degradation that produced erosion phenomena at their surface. This feature is corroborated in Figure S5 , which shows a SEM micrograph of unloaded NFs after 3 h in the same basic solution.
In opposition, PE44/AA-10 fibers remained unaltered in the NaOH solution. This feature has been attributed to the buffering capacity of the positively charged Nterminal group of the AA, which protects the polymeric matrix from the attack of hydroxyl groups. Similar buffering activity has been previously observed in other materials with charged groups. 42 The overall of these results is fully consistent with the AAs retention determined from release assays in PBS and PBS-EtOH.
On the other hand, the enzymatic degradation of the PE44/AA-10 mats was performed by incubating the samples in a lipase-containing medium. Analysis of the resulting profiles, which are displayed in Figure 10a , reflects a relatively fast degradation stage after the first two days: the weight loss (Eq. 1) ranges from 7%
(PE44/Cys-10) to 16% (PE44/Lys-10) after such short period. However, the weight loss increases by less than 3% during the following 26 days evidencing that, after the initial degradation stage, the enzymatic degradation of PE44 NFs is very slow (i.e. the weight loss after 28 days ranges from 9% to 19% only). SEM micrographs displayed in Figure   10b correspond to PE44/AA-10 NFs after 2 days of incubation in the lipase-containing solution. Although erosion is not evident in many cases (e.g. Phe and Cys loaded NFs), some morphological changes are detected at the surface of PE44/Lys-10, which experienced the highest weight loss. Hence, the enzymatic release of AAs from PE44 loaded NFs cannot be attributed to a fast and unspecific lipase-induced decomposition of the polymeric matrix. On the contrary, the enzymatic attack preferentially affected the ester bonds that keep the AA domains into the biphasic system, thus promoting their release. Probably, the morphological defects at the boundary limits between phases induced this specificity due to the higher accessibility of the enzyme into the polymeric fragments that retain the AA domains. This hypothesis is consistent with the fact that the highest weight loss in the enzymatic degradation assays corresponds to NFs loaded with charged AAs (i.e. SEM micrographs and AFM images revealed that Lys and Asp domains are preferentially embedded at the surface of NFs).
CONCLUSIONS
In the light of the difficulties associated with AAs retention in delivery vehicles exposed to humid environments and their effective release after ingestion, we propose the loading of AAs into PE44 NFs using an electrospinning process as a reliable approach. Electrospun PE44/AA NFs can be described as biphasic systems made of AA crystals distributed into a polymeric matrix. The chemical nature of the AA has a deep impact on the distribution of such crystals, affecting also the properties of electrospun NFs. PE44 NFs have been proved to be very stable systems, able to retain loaded nonpolar, polar and charged AAs in aqueous environments of different polarities and to deliver them very rapidly in enzymatic media. The physical characteristics of loaded PE44/AA NFs as well as their behaviour to effectively supply essential and conditional
AAs suggest that they can be incorporated into the diets of livestock and fish in farms for administration.
It should be noted that electrospun fibres of biodegradable polymers loaded with biomolecules (e.g. growth factor, biocides, antibiotics and anticoagulants) are typically used in the biomedical field as scaffolds for cell regeneration. However, our approach can be used in the agro-food biotechnology field, solving an important problem like is the contribution of essential and conditional AAs to the feed. Obviously, the use of this strategy is not restricted to PE44 but it can be extended to other biodegradable polymers and biopolymers, such as for example poly(lactic acid) and poli(-glutamic acid). We are currently investigating the influence of this extrapolation on the release of loaded AAs. 
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